Fifteen microsatellite loci were studied in Drosophila melanogaster and Drosophila simulans, two closely related sibling species which split 2-3.5 MYA. Within-species variances in repeat number were found to differ up to 1,000-fold among individual microsatellite loci. A significant correlation of log variances between both species indicated a locus-specific mutation rate of microsatellites. Hence, locus-specific effects are apparently among the major forces influencing microsatellite variation and deserve more consideration in microsatellite analysis.
Introduction
Microsatellites are a special class of tandemly repeated DNA in which a specific motif of 1-6 bp is repeated up to about 100 times (Tautz and Schlötterer 1994) . High abundance, codominance, and ubiquity in almost all eukaryotic organisms have made microsatellites the marker of choice in behavioral ecology (Queller, Strassmann, and Hughes 1993; Schlötterer and Pemberton 1994) and studies attempting to estimate demographic and evolutionary parameters of natural populations (Bowcock et al. 1994; Viard et al. 1996; Schlötterer, Vogl, and Tautz 1997) .
Despite the widespread use of microsatellites, their evolutionary dynamics are not fully understood. Even though it is well established that DNA replication slippage is among the major mutation mechanisms, it is still not fully understood why mutation rates between loci differ by orders of magnitude, even within a single species (Weber and Wong 1993; Dib et al. 1996) . It has been suggested that the number of repeats at a given microsatellite locus may be positively correlated with observed variation at this locus (Weber 1990; Wierdl, Dominska, and Petes 1997) . However, other studies failed to confirm this trend (Valdes, Slatkin, and Freimer 1993) . Similarly, differences in the repeat motif, in either length or base composition, were not found to be the primary factor influencing microsatellite variation. This is particularly interesting, as it was shown that these parameters affect the in vitro slippage rate of microsatellites (Schlötterer and Tautz 1992) . Finally, microsatellite mutation rates may be influenced by length constraints on the microsatellite, with less constrained microsatellite loci being more polymorphic (Nauta and Weissing 1996) . Hence, microsatellite variation appears to be a complex phenomenon which is influenced by DNA slippage, mismatch repair efficiency, selection, length constraints, and other, not yet known, factors.
In this study, we compared microsatellite variation within and between species to test if the observed dif- ACTGTAATTGCTGTTCTATGT  CGCACACTGGGACACAAAA  GCACAATCACATCGTATTCACT  ATTGTTGTTGCTGCGATTT  AAATGGAGAAAACCTTCGAGC  GTTGAATTGCGGCGGCCAAGT  TTTGTATGTTCCTCACTTTA  TTTTGTCGTTTTCGTTATG  GATTTTCTCGTTCAGCACG  CGCTGTTCAAAGAAGCACT  TTCGGCTCTTTGTTTGCTTG  AAGCTTAAACCGATCGAAAAC  CGCTCTCCATCCCCATCTC  TGCTTGACGGCTACATAAAC  GACAGTTGCAGGCGCACCAAC  GTAGCGTGTGCATTTGACACT  CTACACCATGCCCTGAAAAG GAGCCGGTTGCATGTAAG  CAACCACCCACAAGCACAC  CCTCTCCGGTTGGGCTAC  TGATTTGGACTGAGATCAGG  GCCCAACGAATCATTTCAC  TGTCGAGAGCAGCAGCAGT  TTGCCTTCCCTGTTACAG  ATTGCTGTTTGGAGTTTGTTG  GGTCGCAGGGACACAATTCAC  AGCCACAGCCATGCGTTTAAC  CACACGCTGACAGGATCTACT primer combination) and 1 min at 72ЊC. We added 0.02 pmol 32 P-endlabeled primer to each 10-l PCR reaction consisting of 1.5 mM MgCl 2 , 200 M dNTPs, 1 M of each primer, 50 ng DNA, and 0.5 U Taq polymerase (Cetus). PCR products were separated on a 6% denaturing polyacrylamide gel. Dried gels were exposed for 5-18 h at room temperature. To verify amplification of orthologous loci in D. simulans, identical PCR conditions were used, without endlabeled PCR primer. PCR products were separated on a 7% denaturing polyacrylamide gel (32% formamide, 5.6 M urea), blotted on a nylon membrane (Hybond Nϩ, Amersham), and probed with a (GT) 7 G or (AG) 7 A oligonucleotide. Blots were washed three times at 37ЊC with 6 ϫ SSC, 0.1% SDS. All loci with a (GT) n or (GA) n microsatellite showed PCR products in the expected size range, verifying the amplification of orthologous microsatellite loci. Sex lethal was sequenced in D. simulans to verify the presence of a microsatellite motif.
Data Analysis
The isofemale lines used have been propagated in the laboratory at small population sizes; therefore, most individuals were homozygous. For heterozygous individuals, one allele was randomly discarded before data analysis. Gene diversities were calculated using the formula h ϭ (1 Ϫ ⌺x )n/(n Ϫ 1) (Nei 1978) , where n ϭ 2 i number of chromosomes analyzed.
To calculate the correlation between observed variances, we had to consider differences in the effective population sizes of X-chromosomal and autosomal microsatellite loci. Hence, the variances of X-chromosomal microsatellites were corrected by a factor 4/3.
Under the assumptions of mutation-drift equilibrium, neutrality of microsatellite variation, the stepwise mutation model, and no migration, expected correlations due to shared ancestry, C hist , can be calculated as
2 is the average delta mu (Goldstein et al. (␦) 1995) across loci, V is the variance averaged across groups and loci, t ij is the time of divergence between the two groups, and N is the effective population size. (␦) 2 was calulated as (␦) 2 ϭ ( A Ϫ B ) 2 , where A is the average repeat number in population A and B the average repeat number in population B .
To estimate the correlation between microsatellite loci from two different groups with shared ancestry, we subtracted the historic correlation C hist from the correlations based on observed variances. Statistical analyses were carried out with the SPSS software package. (table 2) . Interestingly, only locus G410 had a wider allele range in D. melanogaster.
Results

Fifteen loci (
Intraspecies Microsatellite Variation
Both Drosophila species studied originated in Africa and spread over the rest of the world less than 10,000 years ago (David and Capy 1988) . Therefore, we expected to detect more variation in the African lines than in the nonAfrican ones. As anticipated, both D. melanogaster and D. simulans are more variable in African populations. Variances of all 15 loci amplifying in both species were, on average, 30% higher in D. simulans and 24% higher in D. melanogaster. Similarly, gene diversities were also higher in African populations, averaging 26% in D. simulans and 17% in D. melanogaster (tables 2 and 3).
Observed variances of individual microsatellite loci differed by up to factors of 1,000 in D. melanogaster and 100 in D. simulans (table 2) . This is in line with previously reported differences in microsatellite mutation rates (Weber and Wong 1993; Chakraborty et al. 1997 ). We were interested in testing whether our observed differences in variance reflect locus-specific mutation rates.
Under the stepwise mutation model, the observed variance at a microsatellite locus depends on the mutation rate w and the effective population size N (Moran 1975) . Assuming neutrality, the effective population size has the same expectation for all loci in a given population (a reduced effective population size for X-chromosomal loci can be easily corrected; see Materials and Methods). Hence, differences in observed variances between microsatellite loci should reflect locus-specific mutation rates. A potential complication may arise from directional selection at a gene closely linked to the microsatellite locus (local selective sweep). Even if the mutation rates of microsatellites were equal, a selective sweep could significantly reduce variability at a microsatellite closely linked to the selected gene (Slatkin 1995; Schlötterer, Vogl, and Tautz 1997) . As most of the selective sweeps identified by Schlötterer, Vogl, and Tautz (1997) were observed in a single population only, we compared the observed variances at individual microsatellite loci in two groups of the same species (fig. 1A) . The log variances were used to test for correlation between the two groups, as the variances are not normal distributed ( fig. 2) . By testing for correlation of the log variances rather than comparing them directly, we accounted for differences in effective population size between the two groups. A significant correlation between the log variances in the African and non-African groups was observed for both D. melanogaster (r ϭ 0.9296, df ϭ 13; P Ͻ 0.001) and D. simulans (r ϭ 0.8023; df ϭ 13; P Ͻ 0.001). Similarly, gene diversities were also highly correlated (not shown).
Comparison Between D. melanogaster and D. simulans
It has been shown that microsatellites sometimes undergo substantial changes in the simple sequence stretch as well as in the flanking region (Schlötterer, Amos, and Tautz 1991; Garza, Slatkin, and Freimer 1995; Messier, Li, and Stewart 1996; Angers and Bernatchez 1997) . Assuming that these mutations affect the stability of a given microsatellite, it is expected that orthologous microsatellites should have a reduced correlation of log variances. However, the log variances were still significantly correlated between the two Drosophila species studied (r ϭ 0.5961, df ϭ 13; P ϭ 0.019; fig. 1B ), indicating that highly polymorphic microsatellites in D. melanogaster are also highly polymorphic in D. simulans. Thus, the mutational behavior of Drosophila microsatellites is dominated by locus-specific phenomena rather than by phylogenetic distance. 
Discussion
By comparing microsatellite variation at individual loci, we showed that the levels of variation at a given locus are highly correlated within a species. This correlation may have several reasons, which are discussed below.
Why Do Levels of Variability Differ Between Microsatellite Loci?
If two groups have split too recently to diverge by genetic drift and new mutations, their allele distributions will be very similar. This would result in highly correlated measurements of genetic variation even if the differences in variation between loci are not caused by different mutation rates. In the following discussion, this correlation due to common ancestry is called historic correlation. To minimize historic correlations, we compared the most divergent groups available in D. melanogaster and D. simulans, a group from the geographic origin of these species (Africa), and a derived, non-African, group. In D. melanogaster, it was previously shown that the allele distribution differs between African and non-African populations (Schlö tterer, Vogl, and Tautz 1997), which should reflect a low historic correlation. Table 4 shows the observed correlation and correlations due to a common ancestry of the groups compared. Among intraspecies comparisons, only the log variances in D. melanogaster were still significantly correlated (P ϭ 0.021) after correction for historic correlations. The high historic correlation between the two D. simulans groups, which is in line with a more recent colonization history, does not exclude a similar mutational behavior of the microsatellites in the two D. simulans groups but precludes a further quantification. As expected, the interspecies comparison of D. melanogaster and D. simulans shows the least historic correlation. Given that the log variances in repeat number between both species are still correlated, historic correlation cannot serve as a general explanation of our results.
Even though microsatellites are widely regarded as markers which evolve neutrally (Charlesworth, Sniegowski, and Stephan 1994) , some potential selective constraints were discussed more recently. By comparing microsatellite variation in humans and chimpanzees, it was found that the differences in average allele size between both species were too similar to have evolved under complete neutrality (Garza, Slatkin, and Freimer 1995) . Hence, Garza, Slatkin, and Freimer (1995) concluded that some constraints on the evolution of average allele size must exist. Assuming such a constraint, the observed differences in microsatellite variation could be explained by locusspecific constraints which are conserved across species. However, we found a number of loci which had no, or very little, overlap in allele distribution. As we measured the length of the PCR product only, an indel could be responsible for the lack of overlap in allele range between D. simulans and D. melanogaster. To test this hypothesis, we sequenced alleles of two microsatellite loci with no overlap in allele size (DS06335b, 5915) and found that the length variation between the two species was caused by differences in microsatellite repeat number only. Therefore, we found no support for selection causing the differences between microsatellite loci within a species and conserving the differences across species.
Alternatively, selection may not act on the microsatellites themselves, but on DNA regions flanking the microsatellites. Selective sweeps and background selection, which have been shown to reduce nucleotide variation in regions of low recombination (Aguadé, Miyashita, and Langley 1989; Aquadro and Begun 1993; Charlesworth, Morgan, and Charlesworth 1993; Nordborg, Charlesworth, and Charlesworth 1996) , could also reduce microsatellite variation. In contrast to local selective sweeps as described by Schlö tterer, Vogl, and Tautz (1997) , background selection and selective sweeps in regions of low recombination are the result of several independent events and affect different populations and species to a comparable extent. However, a study using coding trinu- cleotide repeats failed to show a reduced variation of microsatellites in regions of low recombination (Michalakis and Veuille 1996) . Whether this is due to selection acting on the coding trinucleotide loci or is a general feature of microsatellite loci needs further clarification. In this study, we selected noncoding microsatellite loci in regions of intermediate to high levels of recombination. Hence, background selection and hitchhiking should not affect the observed levels of microsatellite variation.
Given the lack of support for either selection on the microsatellite itself or hitchhiking and background Locus-Specific Microsatellite Variability 181 selection, we conclude that our observed correlation of log variances in repeat number is caused by locus-specific mutation rates. In a recent report, mutation rates of microsatellites with different repeat numbers were compared, and a significant increase in mutation rate was observed for long microsatellite alleles (Wierdl, Dominska, and Petes 1997) . Therefore, loci which differ in mean repeat number may have different mutation rates. Such positive correlation between repeat count and variance in repeat number has previously been described in Drosophila (Goldstein and Clark 1995) . Our data set, however, did not show a significant correlation between average repeat number and log variance (r ϭ 0.20, df ϭ 13, P ϭ 0.47). Similarly, we could not detect such a correlation for the microsatellites reported by England, Briscoe, and Frankham (1996) (r ϭ 0.15, df ϭ 6, P ϭ 0.73). Two further studies also found no correlation between microsatellite variation and repeat count (Michalakis and Veuille 1996; Schug et al. 1997) . Hence, we conclude that the average length of the microsatellite is not the primary parameter influencing the mutation rate of the microsatellite loci of our study. More likely, additional factors affecting microsatellite mutation rates may account for our results. It has been described that the DNA sequence flanking the microsatellite may have a significant influence on the observed levels of variation (Kunst and Warren 1994; Glenn et al. 1996) . Furthermore, it is conceivable that the chromatin structure differs for the chromosomal locations in which the microsatellite loci are located. Such differences may affect DNA mismatch repair efficiency at a given locus and its mutation rate, respectively.
Cross-Species Correlations
Drosophila melanogaster and D. simulans are two closely related species which diverged about 2-3.5 MYA (Bodmer and Ashburner 1984) . The conservation of locus-specific mutation rates between these two species is probably a reflection of their close phylogenetic relationship. Increasing phylogenetic distance will lead to mutation accumulation in the flanking regions as well as within the simple sequence; hence, it is expected that the correlation will be lost over larger time spans. In addition to nucleotide divergence, other parameters, such as chromosome rearrangements and microsatellite stability, may also be involved in the conservation of microsatellite mutational behavior across species. Hence, the exceptionally high stability of Drosophila microsatellites (Schug, Mackay, and Aquadro 1997) may explain the observed correlation in microsatellite variation over more than 2 Myr. At present, it is difficult to estimate how much divergence is needed to break up the correlation between microsatellites amplified in different Drosophila species.
To test for the conservation of mutational behavior of microsatellites over longer time spans, we used the data from Garza, Slatkin, and Freimer (1995) and found that the variance in repeat number was not correlated between humans and chimpanzees. Similarly, the heterozygosity in a much larger data set of 60 microsatellites from humans and chimpanzees (Wise et al. 1997) was not correlated. Human and chimpanzees split about 5 MYA, which is approximately twice the divergence time of D. melanogaster and D. simulans. Whether the lack of correlation is due to the longer divergence time between the human and chimpanzee or because primate microsatellites have higher mutation rates than Drosophila microsatellites needs further investigation.
Our results have important implications for the use of microsatellites in studies which aim to detect selection in natural populations (Slatkin 1995; Goldstein et al. 1996; Schlötterer, Vogl, and Tautz 1997) . Assuming constant mutation rates at different microsatellite loci may result in a less powerful test. A test statistic using locus-specific mutation rates, as introduced by Schlöt-terer, Vogl, and Tautz (1997) , should be much more powerful to detect deviations from neutral expectations.
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